ABSTRACT. Odor-related complaints are a major concern of pork producers. Open 
he concentration of swine production has led to a greater need for waste management systems that control biological pollutants. Public concerns about odor have limited the growth and operation of the swine industry whose production facilities have become larger for economic reasons. These environmental pressures make it especially important to obtain scientific field measurements of livestock odor emission rates.
Swine odor is emitted from buildings, outdoor waste treatment and storage systems, and land application. Although anaerobic treatment lagoons are one of the primary odor sources on many U.S. swine farms (Westerman and Zhang, 1997) , odor emission measurements are rare and methods for making such measurements have not been standardized. Whereas surface aeration has been shown to reduce offensive odors from lagoons and storage effluents (Williams et al., 1989; Pain et al., 1990) , no field measure- Mention of specific equipment is for the benefit of readers and does not infer endorsement or preferential treatment of the product names by the authors.
The authors are Albert J. Heber, ASAE Member Engineer, Professor, Ji-Qin Ni, ASAE Member, Senior Research Associate, and Teng T. Lim, ASAE Member, Research Associate, Agricultural and Biological Engineering Department, Purdue University, West Lafayette, Indiana. Corresponding author: Albert J. Heber, Agricultural and Biological Engineering Department, Purdue University, West Lafayette, IN 47907; phone: 765-494-1214; fax: 765-496-1115; e-mail: heber@purdue.edu. ments of odor emission from stratified facultative lagoons (Schulz and Barnes, 1990 ) have been published. Field measurements of the character and quantity of odor emissions from outdoor storage and treatment facilities are also needed to further develop setback guidelines and atmospheric dispersion models (Schauberger and Piringer, 1997; Lim et al., 2000) and to evaluate odor abatement technologies such as aeration, solids separation, and covers (Ritter, 1989; Pain and Bonazzi, 1993; Zhang et al., 1996) . Therefore, the objectives of this study were to: 1. Design, construct, and test a BCFC for measuring odor flux from liquid surfaces of dilute wastewaters. 2. Measure odor flux from a surface-aerated stratified facultative swine lagoon and two unaerated facultative swine lagoons.
LITERATURE REVIEW ANAEROBIC TREATMENT LAGOONS
Anaerobic lagoons have been used with many waste management systems throughout the United States to provide practical treatment and storage of swine manure (Westerman et al., 1990) . The attractive features of anaerobic lagoons used in swine waste management systems include relatively low capital and operating cost, low labor and energy requirement, simplicity, and ease of management (Fulhage, 1980) . However, some lagoons cause annoying odor concentrations downwind of the facilities. Even oversized lagoons (two to four times larger than standard design) can produce objectionable odor (Sweeten, 1980) . Properly designed and operated anaerobic lagoons, however, will usually be less odorous than overloaded and poorly managed lagoons (Ritter, 1989) .
Anaerobic lagoons contain bacteria that decompose organic matter to gaseous end products in two major steps. First, facultative microorganisms degrade carbohydrates, proteins, and fats to organic acids during an acid fermentation phase. Second, methane-producing microorganisms break down organic acids to produce methane, carbon dioxide, and other volatile products (Mulligan and Hesler, 1972) . As a result, concentrations of volatile solids (VS) and carbon decrease over time (Oleszkiewicz and Koziarski, 1986) .
In a laboratory study of anaerobic lagoons (22.5°C) with 38-day hydraulic retention times, mean effluent concentrations of total solids, VS, and total Kjeldahl nitrogen were 1600, 750, and 935 mg/L, respectively. Mean concentrations of chemical oxygen demand (COD) and 5-day biochemical oxygen demand (BOD) were 2600 and 1300 mg/L, respectively. The mean pH was 8.2 (Oleszkiewicz and Koziarski, 1986) .
Swine lagoons in Missouri were observed to reduce VS and total solids by 88 and 70%, respectively. The mean values of total solids, VS, and total Kjeldahl nitrogen in swine lagoon effluent were 3091, 1329, and 439 mg/L, respectively, and mean values of ammoniacal nitrogen, phosphorus, and potassium were 342, 70, and 366 mg/L, respectively (Fulhage, 1980) . Typical concentrations of total Kjeldahl nitrogen, ammoniacal nitrogen, phosphorus, and potassium in anaerobic lagoon effluent are 480, 306, 240, and 360 mg/L, respectively, according to MWPS (2000) and 565, 455, 226, and 582 mg/L, respectively, according to Barker et al. (2001) .
Most lagoon odor problems are caused by mismanagement. Lagoons at livestock production facilities become more odorous when they are overloaded due to: 1) sludge buildups that reduce treatment volume, 2) additional loading from herd expansions, and 3) cold weather that slows biological activity. Since organic matter is incompletely digested during winter, bacteria have excess organic matter to stabilize during warmer temperatures in spring. Increased biological activity coupled with thermal instability (Hamilton and Cumba, 2000) causes vigorous activity to occur along with burst releases of odorous compounds. Lagoon odors therefore are typically worse in spring compared with other seasons of the year. Lower loading rates, especially during winter and early spring, can reduce odor release (Safley et al., 1993) . Maintaining constant water levels and adding wastes frequently rather than in large irregular quantities also reduces odor release.
MECHANICALLY-AERATED LAGOONS
Completely mixed and continuously aerated lagoons have been utilized to stabilize livestock manure (Burton, 1992; Burton et al., 1998; Cumby, 1987abc; Ritter, 1989; Sneath and Williams, 1990; Westerman and Zhang, 1997) . The oxygen (O 2 ) requirement in aerobic lagoons for waste stabilization is two times the BOD loading (Westerman and Zhang, 1997) . The hydraulic retention time should be at least 10 days and the DO should be 1.0 to 2.0 mg/L (Westerman and Zhang, 1997) . Fully aerated lagoons require significantly more energy input than surface aerated or stratified facultative lagoons (Burton, 1992) . Stratified lagoons are often more appropriate when odor control, rather than waste stabilization, is the primary objective (Zhang et al., 1996) . Aeration for achieving both treatment goals was reviewed by Westerman and Zhang (1997) . Oxygen requirements in stratified lagoons designed for partial odor control are 1/3 to 1/2 the BOD loading (Bell, 1970) .
A stratified lagoon is created by introducing mechanical aeration into the top layer while maintaining anaerobic conditions in the lower layers. The resulting diphasic lagoon has the benefit of anaerobic sludge decomposition at the bottom of the lagoon, and positive odor control and scum elimination at the surface. Reductions in odor release achieved by stratifying anaerobic lagoons with surface aeration have been demonstrated in laboratory studies (Barth and Polkowski, 1971; Ginnivan, 1983c; Zhang et al., 1996) and have been observed in the field (Humenik, et al., 1975; Schulz and Barnes, 1990) .
Aeration equipment typically consists of mechanical aerators floating on the surface or multiple submerged diffusers supplied with air by a fixed system of pipes. Oxygen transfer efficiencies of compressed-air aerators evaluated by Cumby (1987c) were 0.84 to 5.9 kg O 2 /kWh.
BUOYANT CONVECTIVE FLUX CHAMBERS
Several researchers have used floating wind tunnels or buoyant convective flux chambers (BCFCs) to measure odor flux from wastewater and manure storage surfaces. Jiang et al. (1995) constructed and tested a stainless steel BCFC that was 0.40 m wide, 0.25 m high, and 0.80 m long with a liquid exposure area of 0.32 m 2 and a cross-sectional area of 0.1 m 2 . A similar BCFC with a liquid exposure area of 0.23 m 2 was constructed and tested by Schmidt et al. (1999) for measuring odor flux from manure storage basins. An activated carbon filter was used to remove ambient odors from air prior to entering the BCFC inlet. The air supply and flux chamber were constructed as one unit that could easily be carried by one person. Mean simulated wind speeds ranged from 0.19 to 1.14 m/s. The odor flux from anaerobic lagoons is hypothetically less than odor flux from undiluted slurries, thus a greater liquid exposure area and longer flow path are probably required to collect sufficient odor for olfactometric evaluations.
MATERIALS AND METHODS

DESCRIPTION OF FARM AND STRATIFIED LAGOON
The swine finishing facility constructed in 1994 near Holdenville, Oklahoma consisted of six 9.5-× 75-m, 1000-hd (nominal) buildings. The buildings were oriented east-west and were naturally ventilated with sidewall curtains. Four 3.1-× 38.1-m, 0.91-m deep, recirculation flush pits were employed for underfloor manure storage. The pits were ventilated with three fans that exhausted air from two central underfloor plenums through an outside annex at the end of the building. The entire site was operated "all-in, all-out" such that all buildings contained pigs of approximately the same age.
The emptying schedule for the manure pits was managed such that one building with one week of waste accumulation was emptied into the first cell (lagoon A) of a two-stage facultative lagoon each day for six days of the week ( fig. 1 ). The first cell (16,280 m 3 ) was located about 46 m east of the buildings. Effluent from the second cell (14,465 m 3 ) was used to recharge the underfloor pits with about 51 cm of effluent [a] 16,280 Liquid depth (m) [b] 2 after flushing them for 20 min. Loading rates and other details about the first cell are given in table 1. The mean depth of the first cell was 2.74 m including an approximate sludge depth of 0.34 m as measured with a T-probe (Barth and Kroes, 1985) . This lagoon was relatively shallow compared with most anaerobic swine lagoons.
On 8 August 1997, a static-tube aeration system in the first cell, consisting of 21 submerged diffusers ( fig. 2 ), commenced operation. The diffusers (RAMCO Sales Inc., Cushing, Okla.) consisted of a 30.5-cm diameter vertical tube with two counter rotating turbine blades designed to create fine bubbles. In these diffusers, the vertically-rising mixture of air bubbles and water was deflected by Venturi rings into the free-turning turbines. The diffusers, located at about 0.9 m below the liquid surface, received air through a distribution system of headers and laterals provided by a 11.2-kW, rotary positive displacement blower (Sutorbilt Model GAELDPA, Gardner Denver, Inc., Peachtree City, Ga.) located on the berm of the lagoon ( fig. 3 ). Aeration was operated intermittently prior to 20 April and continuously between 20 April and 8 May.
With 5851 pigs weighing an average of 57 kg/pig during the week of 4 May, the average volumetric and surface loading rates for the first cell were estimated to be 118 g VS d -1 m -3 and 198 g VS d -1 m -2 , respectively, assuming less than 5% feed wastage (MWPS, 2000) (table 1) . Thus, the first cell was overloaded for anaerobic operation by 1.23 and 1.46 times compared with recommended volume and surface loading rates of 96 g d -1 m -3 and 136 g VS d -1 m -2 , respectively (ASAE, 2001). Overloading increased as pigs grew. Thus, this lagoon was not generally representative of lagoons designed for the swine industry. The lagoon had been loaded intermittently before 20 April and then more uniformly (one building per day) for two weeks prior to testing.
The BOD loading rate of the first cell during the week of 4 May was estimated to be 0.11 kg/day per pig (MWPS, 2000) or 665 kg BOD/d (table 1) based on a mean pig mass of 57 kg. The gross amount of air added to the effluent was 283 L/s based on air velocity measurements at the inlets to the air filter housing of the blower. This airflow rate was confirmed by the published blower performance rating. The O 2 transfer performance of the aeration system was unknown. However, conservative estimates of O 2 utilization and aeration efficiency are 11% and 1.5 kg O 2 /kWh, respectively (Ginnivan, 1983b) . With these assumed aeration efficiencies, the oxygenation capacity was 403 kg O 2 /d or 61% of the estimated average BOD loading rate of 665 kg BOD/day (57 kg pig mass). As the mean pig mass at the site increased from 23 to 114 kg, oxygenation capacity as a percentage of BOD loading rate decreased from 151 to 30%. The aeration system provided less mixing energy to the lagoon than recommended by other authors. The surface area rating was 869 m 2 /kW (2.1 W/m 2 ) whereas Humenik et al. (1975) recommended a maximum of 125 m 2 /kW (8.0 W/m 2 ) for floating surface aerators. The specific power dissipation (Cumby, 1987c ) based on the entire lagoon volume (excluding sludge) was only 0.69 W/m 3 but low values of specific power dissipation are common for compressed air aeration.
UNAERATED FACULTATIVE LAGOONS
Control lagoons did not exist for this study. However, odor fluxes from unaerated facultative lagoons B and C at two anonymous swine finishing sites were measured with identical procedures on 7 and 11 May 1998. Lagoons B and C had surface areas of 2293 and 12,670 m 2 , respectively.
ODOR EVALUATION
The dilutions to threshold (DT) of an odor sample is assessed by determining the dilution factor required to reach the odor's detection threshold concentration. The DT is defined as the dilution of an odor sample that cannot be distinguished from odorless air by 50% of an odor panel.
Dilutions to threshold were measured with a dynamic dilution forced-choice olfactometer (AC'SCENT International Olfactometer, St. Croix Sensory, Stillwater, Minn.) and an odor panel that consisted of eight trained human subjects (Lim et al., 2001 ). The olfactometer continuously delivered precise mixtures of sample and dilution air to the active subject through a Teflon  -coated presentation mask at a flow rate of 333 mL/s. The dilution ratio of the mixture was defined as the ratio of total diluted sample flow volume to the odor sample flow volume. Olfactometer airflow rates were calibrated prior to and after each odor evaluation session using a precision airflow calibration device (GILIBRA-TOR-2t, Sensidyne, Clearwater, Fla.).
An individual best-estimate DT was calculated by taking the geometric mean of the last nondetectable dilution ratio and the first detectable dilution ratio. The panel DT was calculated as the geometric mean of the individual DTs and is sometimes presented as log DT. All averages of odor concentration and flux were reported as geometric means because they typically exhibit lognormal distributions (CEN, 2001 ).
An odor unit (OU) is defined as the amount of odorant(s) in 1.0 m 3 of odorous gas at the panel DT (CEN, 2001; Thièle, 1986) ; thus odor concentration (OC) is DT expressed with units of OU/m 3 . Odor emission rate (OU/s) is determined by multiplying OC by airflow rate (m 3 /s).
Odor intensity is the relative perceived psychological strength of an odor at suprathreshold concentrations. The static odor referencing scale method was used with a geometric concentration series of n-butanol in water with a scale step factor of 2 or 3. The odor panel judged the intensity of a sample by objectively matching it to intensities they sensed from various concentrations of n-butanol in water (ASTM, 1997). The intensity was presented as concentration of n-butanol in water (ppm BIW) (ASTM, 1997).
Hedonic tone (HT) is the degree to which an odor is subjectively perceived as pleasant or unpleasant and has the closest relationship to odor annoyance than any other odor parameter. Perceptions of HT vary widely and are strongly influenced by individual odor experience, personal odor preference, and the emotional context in which the odor is perceived. The HT was subjectively rated from -10 (extremely offensive) to 0 (neither pleasant nor offensive) to +10 (extremely pleasant). The HT of a sample was calculated as the arithmetic mean of individual panelist HT values.
BUOYANT CONVECTIVE FLUX CHAMBER
A BCFC was designed and constructed for determining odor and gas fluxes from wastewater surfaces under controlled airflow conditions (figs. 4-7). The inside of the chamber was lined with stainless steel (fig. 4) . The walls were surrounded by rigid boards of styrofoam insulation (5 cm thick) that caused sufficient buoyancy to keep the top 17 cm of the BCFC above the water. The BCFC covered 0.76 m 2 of liquid surface ( fig. 4 ), similar to a 0.90-m 2 flux chamber used on manure covered concrete surfaces . Air followed a 0.31-m wide, horizontal, hairpin path and the total length of the airflow path across the covered liquid surface was 2.4 m. A buoyant variable air supply unit adjacent to the BCFC forced air through a gas absorption and dust filtering system and into the BCFC through a 15.2-cm diameter Teflon hose ( fig. 7) . Dust particles were removed with a 95% DOP (standard dioctyl phthalate test) air filter. Odor was removed with sorbent media consisting of charcoal, permanganate, and zeolite encased in a 22.4-kg module (CPZ Module No. 31005, Honeywell Commercial Air Products, Niceville, Fla.) . It had a single-pass odor removal efficiency of 85% according to the manufacturer. A greater efficiency was expected for this application because the airflow rate was less than the module's design airflow rate (Honeywell Model F111C Media Air Cleaner), however, the residence time in the filter was only about 1 s. The BCFC was designed to simulate a constant wind speed such that similar measurements could be made for comparison purposes. The desired surface air speed was established by adjusting the autotransformer-controlled, variable-speed, centrifugal blower to predetermined settings and verifying air speed inside the BCFC with a hot-wire anemometer (Model 440, Kurz, Inc., Monterey, Calif.) during sampling. A surface air speed of 1.0 m/s was targeted to match air speeds used by others (Jiang et al., 1995; Misselbrook et al., 1998) . However, post-calibration of the anemometer indicated the actual air speed was 1.1 m/s, at which the residence time of air in the BCFC was 2.2 s and the airflow rate was 55 L/s. Concentrations of both incoming and outgoing air streams were sampled since ambient air was used (Smith and Watts, 1994) . After at least 10 min of BCFC operation, inlet and outlet air samples were collected into Tedlar  sample bags (SASSCO, Inc., Raleigh, N.C.) through 10-m long, 6.4-mm diameter, Teflon FEP tubes. New bags were flushed at least three times with odor-free air prior to using them to collect samples. Each bag was preconditioned with sample air by first filling the bag about 1/3 full and emptying it completely before collecting the actual sample. Bags were filled with 6 to 7 L of air. Air samples were evaluated using olfactometry the same day as collection for the laboratory test and the next day for the field test. Odor flux was calculated by multiplying BCFC airflow rate by the arithmetic difference between inlet (background) and outlet odor concentrations, and dividing by the liquid exposure area. 
LABORATORY TESTS WITH REFERENCE SOLUTION
Laboratory tests were conducted to evaluate the operation and performance of the BCFC in an aqueous solution of n-butanol (CH 3 (CH 2 ) 2 CH 2 OH). N-butanol was used because it is non-toxic, has good stability in air and water, and is used as a reference for odor intensity measurements (ASTM Standards, 1997) . Tests were conducted in a 1500-L (0.61 m high, 1.83 m diameter) galvanized tank. The tank and BCFC were washed with tap water, air dried, and cleaned with alcohol before each test. A blank sample was included in the evaluation by collecting an outlet air sample with only clean water in the tank to verify that the tank and BCFC system were odor-free. Each solution of n-butanol was stirred manually for 1 min before placing the BCFC into the tank.
Small constant-flow (0.08 to 83 mL/s) diaphragm pumps (Model 224-PCXR8, SKC, Eighty-Four, Pa.) were used to evacuate 114-L plastic drums (Consolidated Plastic Co., Twinsburg, Ohio) causing initially collapsed 50-L bags inside the drums to inflate. Bags were filled in 9 to 12 min at an airflow rate of about 83 mL/s.
The BCFC was tested once in the reference solution with the following triple geometric series of n-butanol concentrations: 250, 750, 2250, 6750, and 20,250 ppm. About 200 L of tap water provided sufficient depth (8.5 cm) to raise the BCFC off the tank floor. After the blank sample was collected, AR-grade n-butanol (Mallinckrodt Baker, Paris, Ky.) was mixed into the tap water already in the tank to create the ascending concentration series starting with 250 ppm. An odor flux measurement was taken at each scale step of the series.
ODOR FLUX FROM STRATIFIED FACULTATIVE LAGOON
Odor flux measurements were conducted with the BCFC on four consecutive days on the continuously-aerated, stratified, facultative lagoon. Measurements were taken at four locations throughout the lagoon (table 2, fig. 3 ). The BCFC was placed on the liquid surface at least 6 m from the edge of the lagoon ( fig. 7 ) and at least 3 m from the nearest diffuser. It was held stationary with a 6.1-m long, 5-cm diameter rigid PVC pipe anchored to the berm and two lengths of nylon rope attached to either side of the BCFC and also anchored to the berm. The pipe also served as a raceway for gas sampling lines and an electric power cord for the blower. A portable sampling pump (AirPro Model 6000D, BIOS International, Pompton Plains, N.J.) was used to draw air from a rigid vacuum chamber (Vac-U-Chambert, SKC, Eighty Four, Pa.) causing an initially collapsed 10-L bag inside the chamber to inflate with sample air at airflow rates of 42 to 55 mL/s (fig. 7) . The BCFC was cleaned with alcohol at the end of each day's measurement activities.
On the first day, measurements were conducted at five surface air speeds ranging from 0.1 to 1.7 m/s (table 2) to evaluate the effect of air speed on odor flux. Two consecutive measurements were taken with simultaneous inlet and outlet samples on day 2. Since duplicate inlet samples were similar in concentration on the second day, one inlet and three outlet samples were collected on days 3 and 4.
One sample of effluent was collected on 7 May in the center of the lagoon from the top 0.3 m of the depth by personnel employed by a private laboratory (Southwest Labs, Broken Arrow, Okla.). It was assumed that this sample represented the top aerated zone of the lagoon and that the characteristics were similar between 4-6 May and 7 May. Dissolved oxygen was measured at the same location using a DO meter. The sample was taken at a point between the diffusers. The collected sample was divided into three containers for: 1) BOD, 2) COD, and 3) VS and total suspended solids (U.S. EPA, 1971 ). The COD sample was preserved with sulfuric acid at a pH of 2. The samples were put on ice for transport to the laboratory.
RESULTS AND DISCUSSION ODOR FLUX FROM REFERENCE SOLUTION
The mean odor intensity (BIW) of BCFC inlet samples was 2.55±0.20 (mean±95% c.i.) log ppm or 355 ppm (95% c.i. = 225 to 560 ppm). Odor intensity of outlet samples increased from 837 to 3128 ppm as n-butanol concentration in the solution increased from 250 to 20,250 ppm (table 3) . Hedonic tones were essentially neutral (near zero) for all samples with no apparent correlation to concentration or intensity. These results indicated that odor emitted by the reference solution was neither offensive nor pleasant.
Odor concentration ranged from 8 to 155 OU/m 3 for 11 samples (table 3) . Odor concentration of the blank sample was 9 OU/m 3 , intensity was 144 ppm BIW (lowest among all samples) and HT was -1.0. Odor concentrations of all inlet samples were lower than corresponding outlet samples. Inlet air samples had OC that ranged from 8 to 13 OU/m 3 with a mean of 10 OU/m 3 . Outlet OC ranged from 9 to 155 OU/m 3 , generally increasing with n-butanol concentration (C b ) in the reference solution.
Odor flux increased (P < 0.05) from 0.5 to 11.2 OU s -1 m -2 as C b increased from 250 to 20,250 ppm ( fig. 8) . The reference solution tests confirmed the ability of the BCFC to measure odor flux from an odorous liquid. They also showed that controlled and repeatable measurements with reference solutions can be used to commission BCFCs for field use. The relationship between odor flux and n-butanol concentrations allows field results to be reported in terms of equivalent concentrations of n-butanol in water.
ODOR FLUX FROM STRATIFIED FACULTATIVE LAGOON
According to weather data collected by the National Weather Service at Calvin, Oklahoma (about 90 km from the farm), daily mean wind speeds (measured at a height of 10 m) ranged from 2.2 to 3.5 m/s and mean temperatures ranged from 18.6 to 22.4°C on 4 to 7 May (table 4). Daily mean relative humidity ranged from 70 to 85%. Concentrations of several effluent compounds as determined from a single sample are given in table 5. Effluent pH was 8.1.
Measurements of surface redox potential with an ORP (oxygen reduction potential) meter would have been more [a] Mean ± standard deviation of individual panelist results [b] Mean odor detection concentration of n-butanol gas (42.55 ppm) was 150 ppb (DT = 401). appropriate since DO levels (0.04 mg/L) were very low compared with the target value of 0.5 mg/L (Burton, 1992) . Previous studies indicate that DO levels greater than zero may not be necessary to achieve odor abatement. In a laboratory study of stratified swine lagoons, Barnes et al. (1985) showed that significant odor reductions were possible at redox potentials of +40 mV (using a standard hydrogen electrode) and speculated that the odor control threshold occurred at even lower redox potentials. In a full-scale stratified lagoon at a 3000-sow pig farm, Schultz and Barnes (1990) found that mean surface redox potentials of -240 to -190 mV were associated with offensive odors whereas mean surface redox potentials of -76 and +10 mV resulted in stable nonodorous operation. Redox potentials as low as -250 mV were associated with odor control in a laboratory study of pig slurry aeration (Ginnivan, 1983a) . Odor concentrations of BCFC inlet air ranged from 12 to 42 OU/m 3 (table 6). Mean inlet and outlet odor concentrations were 23 and 52 OU/m 3 , respectively, and concentrations were always greater at the outlet. Two of the three highest inlet odor measurements were taken on day 1 when BCFC airflows were greater than normal (>55 L/s). Differences in odor flux between locations on the lagoon surface were relatively small. Relatively homogeneous odor flux was expected because of surface mixing caused by wind and the diffusers.
Mean odor intensities of inlet and outlet air samples were 2.7±0.1 and 2.9±0.1 log ppm BIW, respectively (table 6). The intensity at the inlet was greater than the outlet only for the sample collected at the high BCFC airflow on day 1. High airflows apparently reduced measurement sensitivity. Mean HT of the BCFC inlet and outlet air samples were -4.1±0.8 and -4.8±0.6, respectively (table 6). The odor panel judged the outlet sample to be less acceptable than the inlet in three of four measurements. The variance in HT among odor panelists was high compared with intensity and OC.
A nonlinear regression (P < 0.05) of odor flux versus surface air speed ( fig. 9 ) was developed from data collected on day 1 (table 6). The odor flux at a wind speed of 1.1 m/s was predicted by this regression to be 1.55 OU s -1 m -2 , which was used to represent the odor flux for day 1. The mean odor flux measured on days 2, 3, and 4 were 1.49, 2.05, and 1.85 OU s -1 m -2 , respectively (table 6), and the 4-day mean was 1.72 OU s -1 m -2 . The 95% confidence interval of this mean was between 1.48 and 2.00 OU s -1 m -2 , thus repeatability of the measurements was thought to be satisfactory. The equivalent C b for the mean lagoon odor flux of 1.72 OU s -1 m -2 was about 1450 ppm n-butanol ( fig. 8) .
The annual mean wind speed (3.4 m/s) and the actual wind speeds observed during testing (2.2 to 3.5 m/s) were greater than the simulated wind speed in the BCFC (1.1 m/s), thus the actual odor flux from the lagoon was not represented by the measurement. The regression determined from day 1 measurements was based on insufficient data to predict odor flux over the full range of wind speeds. If one assumes that the odor flux measurements with the BCFC were representative of the entire lagoon, odor emission rate from the first cell at a 1.1 m/s wind speed was 13,330 OU/s. Specifying this emission rate to the number of animal units would result in an emission of 20.1 OU s -1 AU -1 . Since actual emission rates would be greater at higher wind speeds ( fig. 9 ), the live mass specific emission rate from this lagoon would apparently be on the same order of magnitude as the mean odor emission of 36 OU s -1 AU -1 measured at deep-pit swine finishing buildings in Illinois (Heber et al., 1998) . It is emphasized that these calculations of lagoon emission rates are based on an (table 5) . Lagoon B had been shock loaded the day prior to the test at 2.5 times the recommended uniform daily loading. This shock loading may have increased odor flux. The reasons for the relatively high BOD and COD concentrations in lagoon C are unknown. Measured odor flux from lagoons B and C were 11.8 and 7.9 OU s -1 m -2 , respectively, and were several times higher than the odor flux at lagoon A. Though not conclusive, these preliminary data seem to confirm previous research on the effectiveness of surface aeration systems to stratify anaerobic lagoons and reduce odor emissions (Westerman and Zhang, 1997) .
Odor flux measured in this project probably had a significant level of inherent uncertainty. Lagoon odor flux varies significantly with time of loading, wind speed, effluent temperature, and air temperature. The number of lagoon odor flux measurements was relatively small (n = 4), especially for the unaerated lagoons (n = 3 and n = 1).
RECOMMENDED IMPROVEMENTS TO THE BCFC SYSTEM
Inlet air sampling is imperative since sorbent media cannot remove 100% of the ambient odor in one pass. The airflow rate required to achieve a 1.0-m/s air speed is too large for practical field use of odor-free compressed air. A heavy-duty air filtration and cleaning system was made possible by floating a separate air supply unit adjacent to the BCFC. Odor concentration of the inlet air was usually greater than the olfactometer's lower measurement limit of 8 OU/m 3 (table 6). The gas absorption media was apparently unable to remove a significant amount of the odor in the BCFC inlet air under field conditions. To remove most of the background odor in future research, the single-pass residence time for air flowing through the media should be significantly increased to a recommended target value of at least 20 s.
Further design work is needed to improve the BCFC. The size and weight was a significant hindrance to the efficient use of the BCFC, which required a full-size cargo van to transport it. Two to four people were needed to carry the BCFC when it was fully assembled. The reach of the BCFC into the lagoon was limited to about 6 m from the edge because of the fixed length of the raceway used for air sampling tubes.
The BCFC had to be pushed into the lagoon because of its size and weight. Two people could accomplish this task but it required a berm slope not steeper than about 18°. The lower inside edge of the sidewalls on one end of the BCFC became wet in the process of pushing the unit into the water. One solution to these problems is to place the heavy air supply unit on the berm and use a long buoyant air hose to transfer odor-free air to the BCFC.
Internal air velocity profiles within the BCFC should be evaluated and modified, if necessary, to improve performance. Controlled laboratory tests to study the effect of airflow rate on odor concentration and flux would increase understanding of the measurement method.
